Live cell mass profiling is a promising new approach for rapidly quantifying responses to therapeutic agents through picogram-scale changes in cell mass over time. A significant barrier in mass profiling is the inability of existing methods to handle pleomorphic cellular clusters and clumps, which are more commonly present in patientderived samples or tissue cultures than are isolated single cells. Here we demonstrate automated Live Cell Interferometry (LCI) as a rapid and accurate quantifier of the sensitivity of single cell and colony-forming human breast cancer cell lines to the HER2-directed monoclonal antibody, trastuzumab (Herceptin). The relative sensitivities of small samples (<500 cells) of four breast cancer cell lines were determined tens-to-hundreds of times faster than is possible with traditional proliferation assays. These LCI advances in clustered sample assessment and speed open up the possibility for therapeutic response testing of patient-derived solid tumor samples, which are viable only for short periods ex vivo and likely to be in the form of cell aggregates and clusters.
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Last year (2011) in the United States, 230 480 women were diagnosed with breast cancer and 39 520 women died from the disease. 1 The clinical course and outcome for this common malignancy remains variable despite therapies that are usually guided by a combination of clinical assessments, including tumor subtype, clinical grade and stage, and the expression of estrogen (ER), progesterone (PR), and amplified HER2 cell surface receptors.
2,3 Unfortunately, breast cancers expressing ER, PR, and/or amplified HER2 surface receptors do not always respond to therapies that target these receptor-linked pathways, making the analysis of expression of these biomarkers alone insufficient for treatment decisions. For example, breast cancers with amplified HER2 expression frequently do not respond to the humanized monoclonal antibody trastuzumab (Herceptin). 4 Furthermore, initially responsive, receptor positive tumors may become refractory to targeted therapies over time, which occurs for HER2-amplified breast cancers 5 and many other types of cancer as well.
A common feature, and failure, of current biomarker approaches in breast and other cancers is their typically static, snapshot-in-time surrogate nature that does not directly evaluate tumor cell responses to particular agents for specific patients. A superior approach, if one was available, could be to rapidly determine by real-time monitoring how a tumor responds to a battery of candidate therapies and then to pick the agent(s) that are most efficacious for that particular patient's disease. Real-time mass profiling of living cells is a new and reproducible biophysical measurement modality that may provide a superior approach. Live cell mass profiling is accomplished primarily using optical methods [6] [7] [8] [9] or micro-fabricated sensors 10, 11 and can yield rapid, continuous quantification of single-cell dry mass changes in a population of cells exposed to a changing external environment, including the detection of cellular responses to growthinhibiting or cytotoxic agents. 6 Unfortunately, due to technical limitations, live cell mass profiling has been constrained to cell types that exist as spatially isolated single cells, such as bacteria, yeasts, and lymphocytes. This is a substantial roadblock to the effective use of mass profiling for solid tumor therapeutic response testing, such as in breast cancer. In general, dissected solid tumor samples, even when mechanically disaggregated, exist as a combination of small and large multi-cellular clumps, sheets, or spheres, rather than as purely single cells. Also, the agitation required to separate solid tumors into single cells may damage the cells and disrupt the cellcell and cell-matrix interactions which may be crucial to maintenance of the malignant phenotype and required to assess agent responsiveness.
12,13
Using a mass profiling approach termed automated Live Cell Interferometry (LCI) we have overcome this inhibitory barrier. With LCI we profiled the therapeutic response kinetics of breast cancers that grow in culture as both single cells and as large colonies or clusters. These organized colonies were up to 50 cells in size and in principle much larger colonies could be accurately measured. We quantified the median growth rates of small populations of cells/ colonies (<500 cells) from four breast cancer cell lines exposed to trastuzumab over the course of six hours, which allowed us to rapidly differentiate trastuzumab-sensitive from trastuzumab-resistant samples. In our study, LCI was performed without prior knowledge of which breast cancer lines expressed amplified HER2 surface receptor or at what level. Notably, LCI identified sensitive and resistant samples about a log-order more quickly than possible using traditional techniques, such as cell proliferation assays.
14 This improvement in speed and sensitivity opens the way for assessing sensitive versus refractory HER2-amplified breast cancer responses. It also provides a potential route for translation to the clinic, where often fragile, patient-derived cells are viable for short periods only and samples are most likely to be in the form of a heterogeneous mixture of single cells and aggregated clumps for many if not all solid tumor types.
Mass response profiling of four human breast cancer cell lines was performed over six hours using LCI with co-incubation of 20 mg ml À1 clinical grade trastuzumab. For each cell type, a control well containing only culture media and a treated well containing trastuzumab were measured simultaneously. Two of the lines are known to express HER2 at high levels (BT-474 and SK-BT-3), while the other two (MDA-MB-231 and MCF-7) exhibit near-normal, low-level expression of HER2.
14 Importantly, these cell lines grow with very different morphologies. MDA-MB-231 and SK-BR-3 lines grow as single-cells or in loose disaggregated clusters, whereas MCF-7 and BT-474 lines grow as dense multi-cellular colonies (Fig. 1) . The relative scale between a single MCF-7 cell (mass $5 Â 10 2 pg) and a large colony ($22 Â 10 3 pg) covers a 44-fold difference in mass (Fig. 2) . The mean normalized mass accumulation rates for each of the four samples are plotted at 30 min intervals in Fig. 3a . Little or no growth inhibitory effect was observed in the low HER2-expressing lines MDA-MB-231 and MCF-7 over the course of the experiment. In contrast, the growth rates of treated and control samples for HER2 amplified high-expressing lines, BT-474 and SK-BR-3, began to diverge at $4 h of treatment and became highly significant by six hours (p < 0.001) (Fig. 3b) . Of the two sensitive lines, SK-BR-3 exists primarily as isolated single cells whereas BT-474 grows in small colonies, indicating that colony formation is not predictive or required for trastuzumab sensitivity or resistance.
We also compared the LCI-measured response to trastuzumab to that determined with traditional multi-day, cell counting growthinhibition assays (see ESI †). In all four cases, the trastuzumab sensitivity measured by LCI over 6 h was concordant with that measured by cell counting over 3-7 days (Table 1) , including cell lines' relative sensitivities to trastuzumab: BT-474 > SK-BR-3 > MCF7 > MDA-MB-231.
These results show that live cell mass quantification via LCI can rapidly and sensitively detect the biologic response to trastuzumab in breast cancer regardless of the physical configuration or association of the cells being examined. Other recently developed live cell mass profiling methods, such as MEMS micro-resonators, can measure the mass of single cells instantaneously with high accuracy, depending on the configuration of the micro-resonator.
10,11 A drawback to this approach is that in order to achieve sufficient sensitivity, the active area of the resonator must be on the order of microns or smaller, which makes the continuous measurement of mixtures of single cells and larger multi-cellular colonies, as occurs for most solid tumor types, very difficult.
In general, quantitative phase optical microscopy approaches, including LCI, possesses mass measurement precision and accuracy on par with MEMS-based approaches, 6 and their application to the study of cell clusters and clumps has been limited by practical difficulties associated with high throughput phase imaging, rather than by fundamental physical limitations. Converting a raw phase image into mass information can be computationally challenging, particularly in the case of clusters of cells and objects with complex internal structures and optical thicknesses that are large compared to the illumination wavelength. 15 In the work reported here we have overcome this barrier. We have developed a unique, automated algorithm to correct 'unwrapping' errors inherent in phase images of large objects, which is designed specifically to correct the type of errors generated in phase images of single cells and cell clusters (see ESI †). In LCI, this feature is combined with an automated cell tracking algorithm which identifies individual cells and colonies in the corrected image and tracks their masses through a time series stack of hundreds of frames. In practical terms, these improvements allow us to achieve high throughput and retain high mass resolution for multi-well, multihour time series experiments, where tens of thousands of images must be collected and analyzed, yielding thousands of mass versus time data points per run. Larger multi-well sample plates (e.g. 48 well format) can be used with the existing LCI hardware directly when the computational infrastructure used to analyze images in a timely fashion is increased proportionally (for example, by using a 14 workstation with more processor cores). The increased speed of analysis and quantification of therapeutic responses for aggregated cell clumps, sheets, and spheres provides exciting new opportunities for agent selection and prognosis in solid tumor therapy.
